Aims the vegetation on Brazilian Páramos consists of assemblages that are driven mainly by the influence of strong environmental filtering. It is very important to understand the effect of environmental variation on taxonomic diversity and on functional diversity. considering the lack of information about the functional diversity in Brazilian Páramos, we analyzed for the first time the effects of altitude and edaphic attributes on functional traits, as well as on taxonomic and functional diversity. We also wanted to answer the questions: Which ecological strategies are favorable in high-altitude grassland? Does soil attributes determine distributions of traits in high-altitude grassland? considering the studied altitudinal gradient is altitude an important variable in the community assembly?
INtRODUctION
Species in mountain habitats are the most vulnerable to climate change. An increase in temperature can possibly cause extinction, since those species usually are endemic and also isolated in specific areas (Gottfried et al. 2012; Leão et al. 2014; Pickering et al. 2008; Wehn et al. 2014) . For this reason, the Convention on Biological Diversity (CBD) included a working program on mountain biological diversity. The CBD recognizes that mountains retain a high concentration of hotspots, including high ecosystem diversity and high numbers of endemic and endangered species. The CBD also pointed out the fragility of mountain ecosystems (https://www.cbd. int/mountain/wopo.shtml?prog=intro). Mountains are storehouses of biological diversity and worldwide home to endangered and endemic species (Beniston 2003) . Additionally, there is too little ecological information for more comprehensive investigations of tropical highlands under a global change scenario.
The present study was carried out in Brazilian Páramos. This vegetation type consists of assemblages that are driven mainly by the influence of strong environmental filtering. It is very important to understand the effect of environmental variation on the composition (i.e. taxonomic diversity) and on function (i.e. functional diversity), especially when taking into account that climatic conditions may change in the coming decades (Elkin et al. 2013; Engler et al. 2011; Ndiribe et al. 2014) . The Brazilian Páramos, as a particular type of mountain vegetation, occurs on isolated peaks and is characterized by freezing temperatures on the highest peaks, in which case the climate is probably the main filter for the floristic composition.
Brazilian Páramos form an outstanding ecosystem that is associated with the Atlantic Forest domain, one of the 25 global biodiversity hotspots (Myers et al. 2000) . It is a highaltitude grassland >1700 m, although there are also similar formations on the summits of lower mountains (Mocochinski and Scheer 2008; Safford and Martinelli 2000) . Brazilian Páramos represents a small portion of the earth's surface, as the total area is probably <350 km 2 (Safford 1999a ).
According to Safford (2007) , this vegetation consists of islands of temperate climate above the tropical Atlantic Forest domain. Analyzing the macroclimatic patterns, Safford (1999b) suggested that the Brazilian Páramos are essentially a high-latitude variant of tropical Andean Páramos, with enhanced seasonality. Brazilian Páramos consist of different habitat types, forming a mosaic of synusiae with grassland, shrub, scrub and rock outcrop vegetation (Safford and Martinelli 2000) . Differing soil fertility and soil depth conditions promote the establishment of different life forms and species (Benites et al. 2003) , contributing to the diversity and thus shaping the landscape of the Brazilian Páramos.
Despite the importance of these habitats for biodiversity conservation, considering the richness and the number of endemic species, these ecosystems have been neglected with regard to inventories and ecological studies. Little research has been done and usually only related to the floristic composition Silva 2005, 2007; Iganci et al. 2011; Mocochinski and Scheer 2008; Tinti et al. 2015) . Ecological studies investigating the effect of soil characteristics on plant community structures on Brazilian rock outcrops have been done mainly on quartzite outcrops (campos rupestres) (Conceição et al. 2007; Le Stradic et al. 2015; Nunes et al. 2015; Silva 2013; Vincent and Meguro 2008) . For Brazilian Páramos, there is an overview showing the main soil types associated with the vegetation on high altitudinal rupestrian complexes (Benites et al. 2003) .
Some studies have shown that the distribution of species is related to topography, altitude and soil, but it is difficult to separate the effect of each factor individually (Davidar et al. 2007; Ruokolainen and Tuomisto 2002) , especially because plant distribution is usually related to the spatial heterogeneity of these factors (Zuquim et al. 2007) . Duivenvoorden et al. (2002) stated that environmental heterogeneity is a determinant for species composition on a local scale; however, on a regional scale, the pattern of species composition is associated with the dispersion capacity of each individual (Hubbell 2006) . Porembski (2007) pointed out that isolated mountain peaks can be considered terrestrial islands. Those naturally fragmented and isolated habitats are characterized by spatial and ecological isolation that act as a barrier against dispersion and migration. Certain studies have shown low degrees of floristic similarity among rock outcrops (de Paula et al. 2016; Rezende et al. 2013; Sarthou et al. 2003; Tinti et al. 2015) and have also detected low genetic exchange rates between populations from different rock outcrops (Barbará et al. 2007; Boisselier-Dubayle et al. 2010; Domingues et al. 2011; Hmeljevski et al. 2014; Palma-Silva et al. 2011) .
Brazilian rock outcrops comprise a large number of locally endemic species (Alves and Kolbek 2010; Barthlott et al. 1993; Giulietti and Pirani 1988; Safford and Martinelli 2000) . This isolation has been attributed to their altitude and also to edaphic isolation (Alves et al. 2007; Harley 1995) .
Granitic and gneissic outcrops are recognized as biodiversity hotspots for plants possessing particular adaptive traits such as desiccation tolerance (Porembski 2007) . However, the lack of knowledge about their flora and ecology on Brazilian mountains is remarkable when compared with the surrounding Atlantic Forest (Martinelli 2007; Porembski 2007) . This is extremely concerning, considering that the rocky outcrops are the ecosystems associated with Brazilian Atlantic Forest with the greatest probability of extinction, along with their species (Leão et al. 2014) .
Studies of biodiversity have traditionally considered the numbers of species and the evenness of abundance distribution among species. However, the indices based on taxonomic identity provide an incomplete view of biodiversity, since they do not take into account the differences between the species and their role in the ecosystem processes (Petchey 2004; Villéger et al. 2010) . On the other hand, functional diversity generally shows the range of functions that organisms perform in communities and ecosystems and try to explain and predict the impact of those organisms on ecosystems Gaston 2002, 2006) . Functional ecology considers the functional traits, which are defined as biological attributes that influence the species performance (Violle et al. 2007) . The diversity of a community can therefore be measured by the diversity of traits present in the community, weighted by their abundance (Petchey and Gaston 2006) . In this case, the functional diversity helps to understand the importance of species in the ecosystem process (Loreau 2000) and the ecosystem dynamic through a more detailed analysis of form, function and plant-environmental interaction (Gillison 2013) .
Considering the lack of information about the functional diversity in Brazilian Páramos, we analyzed for the first time the effect of altitude and edaphic attributes on functional traits, as well as on taxonomic and functional diversity indices. We also wanted to answer the question: Which ecological strategies are favorable in high-altitude grassland? Does soil attributes can determine the traits distributions in high-altitude grasslands? Considering the studied altitudinal gradient is altitude an important variable in the community assembly? We hope to advance the knowledge about Brazilian Páramos and also to contribute to their conservation. It is extremely important to understand which factors drive the distribution of their species in order to make decisions about habitat conservation and also for monitoring the dynamic of highland vegetation in response to global change.
MAtERIALS AND MEtHODS

Study area
The study was conducted on the peak of three mountains: Mammoth (1850 m), Elephant (1790 m) and Totem (1690 m). Those mountains form the 'Serra das Cabeças'-Three Head Range. The Serra das Cabeças is part of Serra do Brigadeiro State Park, which is located in the Zona da Mata of MG, Brazil and surrounded by Atlantic Rain Forest. The annual average rainfall is 1300 mm and the annual average temperature is 18°C. The terrain is rough and consists of different landforms and habitats: plateaux, steep slopes, escarpments, valleys and swamps . Due to the landscape and the altitude, the peak of the mountains experience much lower temperatures than the surrounding region. The study area is located in the southeast of Brazil and is part of the Serra da Mantiqueira mountain range, with a predominance of plutonic rocks (granite) and high-grade metamorphics (migmatites, gneiss) (Benites et al. 2007) .
On the peaks of the mountains, there are different vegetation types: cloud forest, scrub, shrub and rocky outcrops. The floristic composition varies between the vegetation types and is usually associated with soil depth or exposure of the rock. We focus our study on high-altitude rock outcrops, which are part of the Brazilian Páramos.
Samples
The field samples comprised 300 plots of 1 × 1 m, i.e. 100 plots per peak randomly distributed and considering only the rocky outcrop areas. Samples were taken between June 2012 and January 2013. All type of plants except the mosses were exhaustively inventoried, and the species cover was estimated using the Braun-Blanquet (1979) cover value and abundance scale. In addition, the number of individuals and altitude per plot were variables considered in the samples. For species that form tussocks, each clump was considered one individual.
The fertile botanical samples were stored in the herbarium VIC at Universidade Federal de Viçosa (Minas Gerais, Brazil). Identifications were made by comparisons with exsiccates in the herbarium VIC, by consulting specialists and the literature. The classification of families and confirmation of accepted names followed Tropicos (2015) .
Apart from the altitude, the depth and chemical features of the soil were sampled as abiotic variables. The soil depth was measured with a graduated ruler in the center of each plot. Soil samples were taken from each plot. The samples were air-dried and sieved to 2 mm. In fraction <2 mm, chemical soil properties (pH, P, K, Ca 
Data analysis
It was necessary to eliminate 90 plots for the functional analysis. Some of the plots had lower numbers of species than traits, and in some plots not all species could be functionally classified. In addition, some plots were eliminated because they contained species with mostly the same traits, occupying less than three points in the functional space, and therefore, it was not possible to calculate the volume occupied in the functional space, which is a prerequisite for calculating some functional indices. In total, we performed all the calculations with 210 plots.
Environmental gradient
The dimensionality of the dataset from the chemical features of the soil was reduced using principal component analyses (PCA). The analysis was performed on the logarithm of the variables. We used the results of the PCA to investigate a possible edaphic gradient related to altitude and also to investigate possible correlations between the abiotic and biotic variables.
Functional traits
The species were classified according to Raunkiaer's life form (1934), as described by Braun-Blanquet (1979) . The classification is related to the perennial tissues and meristems that allow plants and seeds survive during unfavorable season. The location of perennial tissues and meristems is an essential feature of the plant's adaptation to climate. Some life forms are therefore unlikely to survive in harsh climates or will have few individuals (Cornelissen et al. 2003; Pérez-Harguindeguy et al. 2013) .
A regenerative trait, dispersal syndrome, was evaluated as well. This trait was considered in the analyses since it is very important for colonizing new sites. The plants were classified in three dispersal modes: anemochory, zoochory and autochory. The classification was done by consulting the literature about the species and also based on the propagule characteristics (Cornelissen et al. 2003; Pérez-Harguindeguy et al. 2013) .
The type of fruit was another trait considered in our analyses: dry fruit (fruit in which the pericarp is hard) and fleshy fruit (pericarp fleshy or the fruit has a fleshy appendix, such as aril).
Functional and taxonomic diversity
The taxonomic diversity was evaluated using the Shannon diversity index, the Pielou evenness and effective number of species (Jost 2006) . For the functional diversity, we considered the three complementary indices, which measure independent facets of functional diversity: functional richness (FRic), functional evenness (FEve) and functional divergence (FDiv) (Villéger et al. 2008) .
FRic is the functional space occupied by the species within a community and the measurement of functional richness depends on the distribution of the abundance of each species through niche space; low FRic indicates reduction of productivity and also that some resources are not used (Mason et al. 2005; Petchey 2003; Villéger et al. 2008) . FEve is the regularity of the distribution of species abundances in the functional space; a low FEve indicates that some parts of the niche are underutilized, which tends to decrease productivity and reliability (Mason et al. 2005; Villéger et al. 2008) . FDiv indicates how species abundance diverges from the center of the functional space; high FDiv indicates high degree of niche differentiation and low resource competition (Mason et al. 2005; Villéger et al. 2008) . Those indices are important for biological assemblage studies, since they enable to predict the rate and reliability of ecosystem processes (Mason et al. 2005) . For the calculations, we considered the Raunkiaer's life form, dispersion syndrome and type of fruit as functional traits.
Statistical analyses
The analysis of variance (ANOVA) was run to test if there was a difference between the environmental variables (PC1, PC2, PC3, soil depth and altitude) considering the peak as a factor. The PC1, PC2 and PC3 represented the soil chemical features in further analysis. The differences in the vegetation among the plots were explored by a non-metric multidimensional scale (NMDS) using abundance of species.
Generalized linear models using a Poisson distribution (GLM) were used to evaluate the effect of abiotic variables (altitude, soil depth and soil chemical features) on the biotic variables (number of species and individuals, life form, dispersal syndrome and type of fruit), since the dependent variables represented frequencies. We also used quasi-Poisson distribution in the cases where the variables presented overdispersion or underdispersion. Multiple linear regression analysis was used to evaluate the effect of the abiotic variables on the functional and taxonomic diversity indices, since these are continuous variables.
All analyses were performed in R, version 3.1.2 (R Development Core Team 2014) using the following packages: vegan, version 2.4.0 (Oksanen et al. 2016 
RESULtS
In the 210 plots that were used for the calculations, we found 6507 individuals and 69 species (supplementary Table S1 ). The life forms nanophanerophytes, hemicryptophytes and chamephytes were the most common ones, although with slightly differing proportions between the mountains (supplementary Figures S2 and S3 ).
Environmental and vegetation gradient
The soil variables reflect a considerable edaphic gradient associated with altitude. In the PCA (Fig. 1) , the gradient related with altitude is obvious from the fact that the plots from the three peaks form distinct groups in the projections along the two first principal components: the tallest peak (whose plots are represented by crosses) generally occupies the space in the middle of the first component and the bottom end of the second component, the lowest peak (represented by triangles) seems to form a downward sloping line, whereas the middle peak (represented by circles) forms an upward sloping line. The three first axes explained 75.7% of the variance. The first principal component (PC1) was positively correlated with the SB, K, Ca 2+ , Mg and bases saturation (V), and negatively correlated with Al saturation (m). The second component (PC2) was mostly negatively correlated with aluminum and cation-exchange capacity. The third component (PC3) was negatively correlated with P remaining, P and Al
3+
, and positively correlated with pH. Therefore, we consider the first component, PC1, to represent fertility, and the second component, PC2, shows a negative correlation with aluminum. The ordination had an arch effect, which indicates that the PC1 and PC2 pick up the same gradient what is non-linear. It did not mean any problem for the other analysis, since we used both PC1 and PC2.
Considering the peak as a factor, the ANOVA of abiotic features evaluated (soil depth, altitude, PC1, PC2 and PC3) showed that there are significant differences between the peaks with P > 0.001 (Table 1 and supplementary Table S4 ).
The vegetation also showed a small gradient as can be seen on the NMDS. Despite the clear gradient, the stress with two dimensions was great, stress equal to 0.22. However, with three dimensions, we got a better result, stress equal to 0.16, and the ordination of plots separated the three mountains (Fig. 2) .
Taxonomic diversity and environmental features
The soil in the Serra das Cabeças plays an important role for the spatial distribution of plant diversity; together with altitude, it is an important factor for the gradient. The regression analysis in Table 2 showed that richness decreases with altitude and increases with fertility (PC1). The diversity index (H′) was also related with soil features represented by PC1. Considering the taxonomic diversity, altitude was also an important factor for J′, showing that this index increases with altitude.
Functional groups, traits and environmental features
Considering the relationship between life forms and abiotic variables (soil and altitude), the nanophanerophytes were positively associated with altitude, as opposed to chamephytes and therophytes, which were negatively associated (Table 3) . Table 3 shows that soil was an important variable that controls life form distribution. In general, phanerophytes were related with soil depth and fertility.
The soil depth was the abiotic variable that was correlated with all kind of life forms analyzed, except for geophytes. The soil depth is important for species that apparently have deeper root systems, such as phanerophytes, or need deeper soil for establishing seed banks, such as therophytes. The quasi-Poisson distribution was used for S due to underdispersion. H′, Shannon diversity; J′, Pielou evenness; PC, principal component of the PCA (PC1: axis 1, PC2: axis 2, PC3: axis 3); S, number of species. Significance: ***(0.001), **(0.01), and *(0.05).
When analyzing the number of species per life form (supplementary Table S5 ), the correlations were very similar to when we considered the number of individuals. However, hemicryptophytes tend to increase with altitude and geophytes showed a negative relationship with soil depth.
The dispersal types were also associated with abiotic variables and can be emphasized that zoochory tends to increase with altitude, soil depth and fertility. Anemochory decreases with soil depth, but increases with soil fertility. In contrast, autochory is negatively correlated with soil fertility (Table 4  and supplementary Table S6 ). Since zoochory is usually associated with fleshy fruits, the same patterns were found when considering the relationship between fruit types and abiotic variables (Table 5) , though dry fruits were negatively correlated with soil depth following the same pattern as we found for anemochory.
Functional diversity
The regressions between the functional diversity indices and environmental variables showed that the functional evenness increased with altitude (Table 6 ). The functional richness was positively correlated to PC1, which means that, in the studied gradient, greater FRic is associated with fertility. The functional divergence was negatively associated with soil depth and positively with PC2 (axis that is negatively related with aluminum).
DIScUSSION
In this study, we investigated the effect of environmental filters (soil and altitude) on taxonomic and functional diversity of Brazilian Páramos. Our results showed that not only altitude but also the soil attributes are responsible for the species and traits distribution. In the taxonomic diversity, the evenness shows that the abundance of species tends to be more homogenous with altitude whereas richness and diversity tend to increase with fertility. The life form nanophanerophyte is positively related with altitude, while therophyte shows an opposite trend. The functional indices also showed a relationship with the environmental filters, what is particularly true for FEve that tended to increase with altitude and FRic with fertility. As suggested by our results, there is a strong variation in soil properties on rocky outcrops and this variation concerns particularly the Al 3+ content and soil fertility that play an important role in the distribution of species (Benites et al. 2007; Le Stradic et al. 2015; Silva 2013) . These authors pointed out the strong relationship between soil and vegetation, showing that the soil changes together with the floristic composition and physiognomy of the vegetation. However, in the present study, we could also demonstrate that soil plays an important role concerning the spatial distribution of life forms, dispersal types and functional diversity indices. Life forms were very sensitive to altitude with nanophanerophytes and hemicryptophytes having the greatest abundance and species richness in the Serra das Cabeças (supplementary Figures S2 and S3) . Our results are similar to those of Safford (2007) who found the same trend in the spatial distribution of life forms considering only genera identification. The proportion of hemicryptophytes tends to be higher than that of phanerophytes in highland grassland. Safford (2007) evaluated the dispersal syndrome on the genus level for tropical mountains and concluded that in general wind and gravity dispersal is predominant. We considered species rather than genera, and in this case, anemochory was also the richest and most abundant dispersal syndrome (supplementary Figure S7) . However, we could not find any correlation between altitude and anemochory. In this case, the great proportion of anemochory and autochory indicates a change in the abundance of dispersal syndrome, which is more similar to the temperate zones (Safford 2007) .
In our study, perennials life cycle such as nanophanerophytes and hemicryptophytes dominated whereas therophytes were rare (supplementary Figures S2 and S3) , which tend to decrease with altitude (Porembski et al. 1998) . Species of plants that occur in high elevations are naturally affected by low temperatures, radiation, wind and storm or insufficient water availability. As a response, they present morphological and physiological adjustments such as growth form, small leaves, reproductive strategies and low thermal requirements (Beniston 2003; Körner and Larcher 1988) . In addition, the plants in high altitudes require adaptation and frost tolerance (Safford 2007) , and also the plants should present characteristics that are common in alpine vegetation-low stature, cushion shape, perennial life cycle and ecophysiological adaptations-to cope with high light intensity (Körner 2003) .
The functional index FEve increases with altitude, which suggests that the highest parts of the 'Serra das Cabeças' are more even, considering the distribution of species in the functional space. This might indicate that the niches available have been used efficiently by species and for now, invaders have low chance for getting established (Mason et al. 2005) . The functional redundancy can be very important for the maintenance of the ecosystem functioning (Flynn et al. 2009 ). The FRic increased with fertility, and it indicates that the potential resources (niches) have been used and our results also showed that increasing resources (fertility) also increases FRic.
It is a general rule that high species richness occurs on mid-altitude peak areas (Colwell and Lees 2000) , since lowaltitude areas usually suffer high level of human impact and high-altitude areas also support less species, but in this case because of the harsh climate conditions (Jiménez-Valverde and Lobo 2007; Wilson et al. 2007; Zhou et al. 2015) . Our results showed that richness decreases with altitude, and in this case, we can consider that we were working from midaltitude to high altitude, since we did not sample low-altitude rocky outcrops. As we did not test the mid-domain effect of Colwell and Lees (2000) , we cannot reject or confirm, but some of our result indicated a confirmation, like the number of species per peak. The richest peak was the one at intermediate elevation. However, further statistical tests are necessary to support such a statement.
The studied gradient showed that altitude is acting as an environmental filter that controls the abundance of certain functional traits. Our study showed that there is a strong association between biotic and abiotic variables and this relationship should be further investigated in the future. In our study, we found that altitude, soil depth and other soil attributes are important determinants for the distribution of plants and also have effects on functional traits in Brazilian Páramos.
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